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In vitro bond strength studies are of great importance and interest since they allow
the prediction of clinical success of orthodontic adhesives. There are many studies that
have investigated bond strength values of bonding systems.

However, due to the

variation in the materials and methods employed, it is very difficult and often impossible
to make comparisons among data. The use of a substrate as an alternate to enamel for
mechanical tests would minimize these variables and reduce the challenges faced with in

vitro bond strength tests. The purpose of this study was to investigate the suitability of
Macor as a substrate for bond strength testing of orthodontic adhesives. Macor samples
were custom prepared in a shape similar to that of a human maxillary premolar. The
groups tested were: Group 1: acid-etched with 9.6% hydrofluoric acid (HFA) for 60
seconds; Group 2: acid-etched with 9.6% HFA for 90 seconds; Group 3: acid-etched with
9.6% HFA for 120 seconds; Group 4: surface roughened with silicon carbide (Sic); and

v11
control group: human premolars etched with 37% phosphoric acid. Following surface
preparation, samples were primed and brackets were bonded using Transbond XT
(3MlUnitek).

Mounted samples were stored in water for 24 hours at 37OC until

mechanical testing.

Brackets were debonded in the shear mode using an Instron

Universal Testing Machine and the force at debond was recorded. The nature of adhesive
bond failure among the groups was also compared using an adhesive remnant index
(ARI). One-way ANOVA and Weibull aiialysis statistical tests were used to evaluate and
compare the groups. Sample surfaces were analyzed under the light microscope to
determine the mode of bond failure for ARI. The Kruskall-Wallis test was used to
determine differences in the ARI scores. There were statistically significant differences
in shear bond strengths among the enamel and Macor groups (p < 0.05). There were no
statistically significant differences among the Macor groups (p > 0.05). The shear bond
strength values of the Macor groups were significantly lower than those of the enamel
control group, (p < 0.05). ARI scores were significantly different between the groups (p
10.0001); Macor samples treated with hydrofluoric acid had more adhesive remaining on
their surfaces than those in the control and S i c groups. Based on the results of this study,
Macor may not be a suitable substrate for bond strength testing in orthodontics.

Introduction
Etching tooth surfaces with phosphoric acid to bond acrylic resin to the enamel
was first introduced in dentistry by Buonocore in 1955.l A decade later, the concept of
direct bonding of orthodontic brackets, pioneered by ~ e w m a nopened
,~
a new era in the
specialty. Direct bonding offers many advantages including increased patient comfort by
eliminating the need to separate and band teeth, improved esthetics, ability for better
plaque removal by the patient, minimized soft tissue irritation and hyperplastic gingivitis
and facilitation of bonding attachments to partially erupted or impacted teeth.3'4
Once bonded onto the tooth surface, brackets should exhibit adequate bond
strength to withstand intraoral and orthodontic forces.'

Bracket failure during

orthodontic treatment is not desirable as frequent failures may lengthen the treatment
time. In a busy orthodontic practice, the need to bond a new bracket can be disruptive
and may increase the doctor's chairside time.6 It is also important that bond strength is
not too high to cause cracks or even loss of enamel during bracket removal at the end of
orthodontic treatment.

Therefore, achieving optimal bond strength is an important

characteristic of any new orthodontic adhesive. It has been suggested that orthodontic
adhesive systems should exhibit bond strength values in the range of 6-8 M P ~ . ~
Prior to becoming commercially available, orthodontic bonding materials must be
tested to ascertain adequate bond strengths. The determination of the in vitro bond
strength is of great importance and interest since it plays a critical role in predicting the
clinical success of bonding systems.8 In the literature, there are numerous studies that
investigated the bond strength values of various bonding ~ ~ s t e m s . ~ ' ~However,
-"
a

number of problems related to in vitro testing of the bonding systems make comparisons
among data very difficult and often impossible.'0~12In 1989, Van Noort et a1.12 stressed
the need for standardization of test procedures for the measurement of bond strength of
orthodontic adhesives. In a review of bond strength testing in orthodontics, Fox et a19
reported vast differences among the studies with regard to the sample size, the storage
medium, the type of bond test used and the speed of the crosshead of the testing machine
during debonding. The conclusion was that the ideal mechanical testing study should
include at least 20 human premolars, preferably 30, and should include testing in a shear
mode with a crosshead speed of 1 mmlmin after storing teeth in water at 37OC for a
minimum of 24 hours. It was also recommended that survival tests should be included in
the statistical analyses to predict the clinical performance of the material. Nevertheless,
lack of standardization is an on-going problem.
The use of teeth for in vitro bond testing has inherent problems ranging from the
possibility of disease transmission, the amount of time and effort involved in collecting
teeth, variations in the surface morphology and mineral content of the teeth,

the

unknown length of storage time, and the type of storage medium that may alter the
mechanical properties.9,14,23 Surface variations that result in variable enamel thickness
and differences in the enamel composition have been found to influence bond strength
values.13916917
Therefore, the use of a substrate as an alternate to enamel would eliminate
these variables and reduce the challenges faced with in vitro bond strength tests.
To replace enamel and improve reliability of bond strength testing, Klocke et a1.13
used carbonated hydroxyapatite as a substrate. They reported acceptable shear bond
strength values and therefore, they concluded that carbonated hydroxyapatite could be a

suitable substrate for orthodontic bond strength tests. However, there were only 5
samples per group in that study.

In another study, Wohl and ~ e k o w 'tested
~
a

commercially available porcelain-like ceramic substrate, Macor (Corning Glass Works,
Coming, NY), as an alternate to teeth. The results of that study suggested that Macor
substrates exhibited bond strength values equivalent to those achieved with enamel. It
was also concluded that the substrates had more consistent mechanical properties since
the standard deviation of the bond strength values was small. However, crane15 found
that the use of Macor substrates (Ceramic Products, Inc., Palisades Park, NJ) did not
produce the results that were achieved in Wohl and Rekow's study.15 In Crane's study,

ARI analysis indicated that the use of 37% phosphoric acid etch on the Macor blocks was
an ineffective etching technique for Macor since all of the resin remained on the bracket
after debonding. He suggested that a more aggressive surface conditioning method such
as the use of hydrofluoric acid or an abrasive blast may be needed to etch the substrate.
Macor is a white, odorless, porcelain-like machinable ceramic that consists of
approximately 55% fluorophlogopite and 45% borosilicate glass with mica flakes. This
material has biomedical applications (ie. orthopedic joint replacement) because of its
inertness, mechanical stability and physical properties (Corning Glass Works, Coming,
NY). Therefore, the development of a standard technique using Macor would facilitate in

vitro bond tests and minimize the disadvantages associated with using extracted teeth.
The purpose of this study was to investigate the suitability of Macor as a substrate
for in vitro bond strength testing of orthodontic bonding systems. The specific aims of
this in vitro study were: 1) to compare mean bond strength values between Macor and
human enamel (premolars), 2) to determine differences in bond characteristics between

Macor samples prepared in various ways, and 3) to evaluate the differences in bond
failure mode between groups using the Adhesive Remnant Index (ARI).~'

Materials and Methods

Shear Bond Strength Analysis
For this study, Macor (Accuratus, Fairfield, NJ) blocks were machine milled to
the contours of Victory series bracket base geometry (3M Unitek, Monrovia, CA). The
purpose was to simulate the three dimensional geometry of an average human maxillary
premolar. The specific dimensions of the custom prepared samples had a radius of
0.1 10" and 0.230" in the horizontal and vertical planes, respectively. The control group
consisted of human premolars (N=21) that were extracted for orthodontic purposes.
Teeth with caries, defects, restorations, or gross irregularities of enamel were excluded
from the study.
Macor samples were randomly assigned to 4 experimental groups: Group 1
(N-24): acid-etch with 9.6% hydrofluoric acid (HFA) (Pulpdent, Watertown, MA) for 60
seconds; Group 2 (N=24): acid-etch with 9.6% HFA for 90 seconds; Group 3 (N=24):
acid-etch with 9.6% HFA for 120 seconds and Group 4 (N=24): surface roughening with
Sic. Since surface pre-treatment is critical to achieve sufficient bond strength of brackets
to the ceramic substrates, Macor samples were cleaned for 10 minutes in an ultrasonic
bath containing ethylacetate and then air-dried using an oil free air-water syringe.
Following cleaning procedures, their surfaces were etched with 9.6% HFA using the
three different etching times. After etching procedures, the substrates were washed with
an oil free air-water syringe and rinsed thoroughly to remove the residual acid and then

air-dried. Samples in group 4 were surface roughened manually using 320 grit S i c
adhesive paper (Struers, Westlake, OH)." Subsequently, they were rinsed with water for
10 seconds.
The control group consisted of 21 previously extracted human maxillary premolar
teeth that were obtained from Virginia Comnionwealth University, Oral and
Maxillofacial Surgery Department. Immediately after being extracted, the teeth were
stored in 0.1% (weight/volume) thyrnol solution at room temperature until the experiment
started. The control samples were cleaned with a rubber prophy cup and a fluoride free
pumice paste for 10 seconds to eliminate any possible debris. Subsequently they were
rinsed thoroughly for 10 seconds and air dried with an oil free air water syringe. The
teeth were acid etched with 37% phosphoric acid (3M Unitek, Monrovia, CA) for 15
seconds, rinsed with water for 10 seconds and air dried until the surface had a frosty
white appearance.
All of the bonding procedures were performed by a single clinician. Adhesive
primer (Transbond XT Primer, 3M/Unitek, Monrovia, CA) was applied to the etched
Macor surfaces as instructed by the manufacturer. Brackets (Victory Series, 3M Unitek,
Monrovia, CA) with a bracket base area of 9.087mm2 were lightly coated with adhesive
(TransbondTMXT Light Cure Adhesive Paste, 3M Unitek, Monrovia) and positioned in
the center of the substrate surface. After applying firm pressure, any excess composite
flash was removed. Using a calibrated plasma arc visible-light curing unit (Ortholite,
3M, Unitek, Monrovia, CA), the adhesive was light cured for three seconds from the
mesial and three seconds from the distal surfaces. For the experimental groups, three
brackets of each group were bonded to one milled Macor sphere (Figure 1). Immediately

after bonding, all samples were embedded in phenolic rings using cold cure acrylic
submerging the entire sample except the milled coronal sphere or tooth crown. The
samples were then stored in deionized water at 37OC for 24 hours.

Figure 1: Photograph of brackets bonded to Macor sample embedded in phenolic ring.
For the shear bond tests, the samples were seated on a custom made attachment
that allowed the operator to position the specimens in three dimensions. The sample was
adjusted carefully so that the bracket slot was parallel to the upper member of the Instron
blade (Instron Corp, Canton, MA) to ensure parallelism between the bracket surface and
the testing machine.
The samples were debonded using a shear mode at a crosshead speed of 0.5
mm/min. The shear strength values were calculated by dividing the force at failure to the
bracket base surface area as follows:
Force (lbs) x 4.445 Nllbs

=

Newtons

Shear Bond Strength (MPa) = Force (Newtons)/Bracket Base Area (9.087 mrn2)

Adhesive Remnant Index (ARI) Measurement
Following debonding, the sample surfaces were analyzed under the light
microscope at 10X magnification to determine the mode of bond failure using an
adhesive remnant index as described by Bishara and ~rulove:"

1: all composite remained on the sample surface
2: more than 90% of the composite remained on the sample surface
3: > than 10% but < 90% of the composite remained on the sample surface

4: < than 10% of the coniposite remained on the sample surface

5: no composite remained on the sample surface

Enamellsubstrate fi-actures (EFISF) were also recorded when they occurred.

Statistical Analyses

Mechanical testing data were analyzed using analysis of variance (one-way

ANOVA) to determine if there were significant differences in the mean bond strength
values among the groups.

The Weibull survival analysis was also performed to

determine the 5, 25, and 75% bond failure rates as well as determining the Weibull
modulus for each group tested.
In a clinical setting, the mean shear bond strength alone cannot indicate the

quality of the bond as there may be significant factors contributing to the mechanical

behavior of the substrate under examination. Inevitable flaws that may be present in
brittle materials may cause a considerable variation in the shear bond strength values of
the tested samples. Furthermore, improper alignment of the Instron testing machine,
irregular surface characteristics of the substrates, porosities in ceramics, polymerization
shrinkage of the materials used and other factors may influence the mechanical behavior
of the tested samples. Weibull analysis is a possible solution when dealing with such
problems.

This method provides a "weakest-link-in-the-chain" distribution and is

interested in determining the first failure. If the broken test pieces could be retested, one
could expect higher strength values as the weakest flaw has already been eliminated from
the sample. Additionally, the primary advantage of using the Weibull analysis is that if
provides reasonably accurate failure analysis and failure forecasts with small sample
sizes.
ARI scores were analyzed using the non-parametric Kruskal-Wallis analysis to
evaluate differences in the mode of failure among the groups. One-way ANOVA with
post-hoc Duncan correction was used to determine where ARI differences existed. The
significance level for all of the tests was set at p 10.05.

Results

Shear Bond Strength Analysis

The mean shear bond strength, standard deviation and range for the 5 groups are
shown in Table I and illustrated in Figure 2. The mean shear bond strength value was

*

17.4 4.4 MPa for the enamel group. The bond strengths of Macor samples were 9.7 h
2.9 MPa, 11.0 k 3.9 MPa and 9.5

* 4.1 MPa for the HFA etched samples of 60, 90 and

120 seconds, respectively. Macor samples in the Sic group exhibited a mean bond
strength value of 9.3

* 3.0 MPa. No significant differences were found between the 60,

90, 120 sec HFA and Sic Macor groups (p > 0.05). However, significant differences
were found between Macor groups (HFA 60, 90, 120 sec and Sic) and the control group
(human premolars) (p < 0.05).
Table I also demonstrates the upper and lower 95% confidence intervals for the
mean illustrating the significant differences that exist between the enamel and Macor
groups. For examples, the mean 95% confidence interval for the enamel group ranged
between 15.4 - 19.4 MPa whereas for the Macor sample means were from 7.6 MPa to
12.7 MPa. Analysis of data showed that significant differences existed between enamel
and Macor groups (p < 0.0001), yet no significant differences existed among the Macor
groups (p > 0.0001).

Table I: Mean and confidence interval of the mean shear bond strengths for the five
groups.

Group

Sample
size

Enamel

21

Macor /HFA 60
Sec

*

Mean SD
(Mpa)

Range
(MPa)

Lower 95%
CI* of the
Mean (MPa)

Upper 95%
CI of the
Mean (MPa)

6.4 - 23.5

15.4

19.4

23

*
9.7 * 2.9

4.4 - 18.1

8.5

11.0

Macor /HFA 90
Sec

23

1 l.W 3.9

3.9 - 18.9

9.3

12.7

Macor /HFA 120
Sec

21

9.5*4.1

2.7-18.1

7.6

11.3

24
Macor /Sic
"CI= Confidence Interval

9.3 3.0

*

3.7 - 17.1

8.0

10.5

17.4 4.4

Figure 2: Mean shear bond strength and standard deviations for all groups.

Weibull Analysis
Bond strength data were also analyzed using the Weibull analysis. This type of
analysis does not require normally distributed samples and focuses primarily on the tail
of the distribution and the weaker values that may be more important c l i n i ~ a l l ~ . ~ " ~
Weibull statistics is useful to relate survival in clinical trials to data obtained from
laboratory tests. Figure 3 illustrates the distribution plots with the line of best fit for the
different samples. The beta slope, or Weibull modulus value obtained from the Weibull
plot is a reflection of variability; those with a higher slope or beta value indicate less
variability and less likely to fail at low stress levels due to bonding and other parameters
in the experiment. A beta value of less than 2.6 yields a positive skewed distribution
relative to the Weibull modulus. This is indicative of flaws inherent in the material
dominating the strength as measured by a particular test used. This was the case for the
HFN120 sec samples which had a beta value of 2.57. Beta values between 2.6 and 3.7
yield a normal symmetric distribution. The HFN60 sec, HFAl90 sec and MacorISiC
groups had beta values of 3.49, 3.23 and 3.42 respectively. A beta value greater than 3.7
gives a left, negative distribution relative to the Weibull modulus. In this case, the
sample does not contain many flaws since a high proportion of specimens have bond
strength values near the theoretical bond strength value. This can be seen for the enamel
group at IJ=5.15 which demonstrates the most consistent method of debonding.

Weibull Distribution Plot

Failing Shear Stress (MPa)

Table I1 illustrate the shear bond strength value where 5,25 and 75% bond failures would
occur. Clinically, the 5% failures generally carry more weight since they indicate the
lower threshold required to debond the weakest samples per group. For enamel, the 5%
failure rate was recorded at 9.5 MPa, while the Macor samples were significantly lower,
ranging from 3.9 MPa for the MacorISiC and HFN120 sec groups to 6.4 MPa for the
HFN60 sec group. The trends continued for the 25 and 75% samples demonstrating the
higher bond strength for the enamel samples when compared to the Macor treated
samples.

HFA 60
HFA 90
HFA 120
Macor SIC

14
Table 11: Weibull group quantiles for control and experimental groups where failures
would occur (MPa).

Group
Enamel
Macor IHFA 60 sec
Macor IHFA 90 sec
Macor IHFA 120 sec
Macor /Sic

5% Failures

25% Failures

75% Failures

9.5
6.4
5.9
3.9
3.9

15.7
7.8
7.6
6.1
7.8

20.3
11.3
14.2
12.2
11.0

Adhesive Remnant Index Measurement
Following debonding, .the residual composite remaining on the substrate surfaces
was evaluated using a 10X stereomicroscope. The ARI scores are shown in Table I11 as
well as in Figure 4.

Table 111: Adhesive Remnant Index and enamel/substrate fracture for each group as seen
under a 1OX stereomicroscope.

ARI Score

1

2

Enamel

0 (0%)

Macor IHFA
60 Sec

0 (0%)

0 (0%)
3(13%)

Macor IHFA
90 Sec

0 (0%)

Macor IHFA
120 Sec
Macor S i c

Fracture

4

5

8 (38%)

13 (62%)

0 (0%)

4

18(78%)

2(9%)

0 (0%)

1

2 (9%)

20(87%)

1(4%)

0 (0%)

4

0 (0%)

4 (19%)

14 (67%)

3 (14%)

0 (0%)

0

0 (0%)

0 (0%)

9(38%)

14(58%)

1(4%)

2

3
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The milled coronal portion of the Macor broke with the bracket still attached to
the substrate and thus didn't provide a reading for 1 sample in both the Macor HFAl60
and HFN90 sec groups, and 3 samples in the Macor HFAl120 sec group. In the enamel
group, 4 brackets debonded where enamel fracture took place. On close inspection, these
were determined to be due to pre-existing weaknesses in the enamel including vertical
and horizontal craze lines and cracks. For the experimental groups, 1, 4, and 2 Macor
substrate fractures occurred for the HFN6O and 90 sec groups as well as .the MacorISiC
group, respectively (Table 111).

Adhesive Remnant Index

I
ARI

2

ARl3
ARl4
I
ARI 5

Enamel

HFA 60 Sec

HFA 90 Sec

HFA 120 Sec

Macor S i c

Etchant

Figure 4: Distribution of ARI scores for each group.

The Kruskal-Wallis test was used to determine differences in ARI scores for the five
groups. There were statistically significant differences among the groups (p 10.0001).
One-way ANOVA with post-hoc Duncan correction was used to deterniine where the
differences existed between the groups. It was shown that .the enamel and Sic groups
were significantly different than the Macor treated with HFA groups (p < 0.05). The
enamel and S i c groups demonstrated less residual composite remaining on the enamel or
substrate surface after debonding.

Discussion

This study evaluated the suitability of Macor as a substrate for in vitro bond
strength testing of orthodontic bonding systems as compared to an enamel control group.
The mean bond strength for the enamel control group was significantly higher than that
of the Macor groups. The 95% mean confidence intervals also demonstrated significant
differences between the enamel and Macor treated groups. There were no statistically
significant differences among the Macor groups regardless of what type of surface
preparation technique was used. The results of this study are not in agreement with those
of previous Macor studies that suggested the use of Macor as an alternate substrate to
ena~nel.'~"~
Wohl and ~ e k o wreported
'~
shear bond strength values of 7.85 k 1.57 MPa
and 7.85

* 0.91 MPa for the enamel and Macor plate groups, respectively.

They reported

bond failures at the enamelMacor resin interface for both groups, but did not include
specific ARJ scores. The contrastiiig results may be related to the fact that different
adhesives, primers and etchants were used in the two studies or due to differences in
bonding or debonding techniques.
In regard to the Weibull analysis, the HFAl120 sec group was the only group with
a 13 value of 2.57, yielding a positively skewed graph. Samples in this group exhibited
shear bond strength values ranging from 2.7 to 18.1 MPa. A beta value of 2.57 and a
large range of shear bond strength values suggest that samples acid etched with HFA for
120 seconds exhibited the most inconsistent mechanical behavior due perhaps to over

18
etching probably destroying the randomly oriented mica flakes in the Macor
microstructure.
Samples in the enamel group had a 5% failure rate at 9.5 MPa. HFN60 sec,
HFN9O sec, HFN120 sec and MacorISiC samples demonstrated a 5% failure rate at 6.4,
5.9, 3.9 and 3.9 MPa, respectively. Although HFN9O sec group had a higher mean bond
strength (1 1.0 MPa) than the HFN60 sec group (9.7 MPa), the former group exhibited a
5% failure rate at 5.9MPa compared to the latter one at 6.4 MPa. This may be due to the
etching time having a decreasing effect in the quantity and quality of the Macor tags.
In this study, the mean shear bond strength of enamel was measured at 17.4 MPa.
Similar results were obtained by crane15 who observed a mean shear bond strength of
19.11 MPa for enamel and 9.31 MPa for Macor samples when etching with 37%
phosphoric acid. These values suggest tliat both phosphoric acid and hydrofluoric acid
act in a similar way on Macor substrates. Since the values obtained from Macor samples
etched using these materials and techniques are lower than those obtained from enamel
samples, it may be necessary to use different surface preparation procedures for Macor to
serve as a suitable substrate. In Crane's study, even though Macor samples yielded shear
bond strength values of approximately 9 MPa, the ARI index showed that all the resin
remained on the bracket, with none on the Macor substrate, indicating a total adhesive
failure. Therefore, it was concluded that the use of 37% phosphoric acid etch on Macor
was ineffective as a surface-roughening agent.

In this study, Macor samples etched with HFA had significantly more resin left on
their surfaces suggesting a coliesive failure. Despite the amount of adhesive remaining

19
on the substrate surface, the Macor prepared samples shear bond strength values were
significantly lower than the enamel control group. In the literature, the use of a silane
coupling agent has been shown to increase shear bond strengths when etching with HFA
on porcelain.21'22 Incorporating a silane coupling agent would help facilitate a higher
mean shear bond strength for Macor samples that would approximate that of the enamel
control group.
Five samples were excluded because the crown portion of the Macor sample
broke before the bracket debonded. The design that was used to approximate the
contours of a maxillary premolar may have created a weak area that lead to the fracture of
the Macor crown before the debonding of the bracket.
The results of the ARI scores illustrated that the enamel and Sic groups were
different than the Macor groups etched with HFA.

The amount of adhesive resin

remaining on the Macor samples etched with HFA appeared to be similar among the
groups and no statistically significant differences were observed. Wohl and ~ e k o w ' ~
reported bond failures at the toothMacor resin interface in both the enamel and Macor
groups, but did not report specific ARI scores. crane'' concluded that all Macor bonds
failed at the Macor-composite interface leaving no composite on the Macor blocks. This
is in contrast with the findings of this study which demonstrated bond failures occumng
with various ARI scores.

The enamel and Sic groups had similar ARI scores

demonstrating most of the resin remaining on the bracket surface. The HFA groups
demonstrated a cohesive failure mode. We can conclude that HFA is effective in etching

20

the Macor when compared to phosphoric acid, yet further testing with scanning electron
microscopy may be necessary to verify the etching patterns.

Conclusions

The conclusions drawn from the results obtained in this study can be summarized as
follows:
Macor is not a suitable substrate when its surface is roughened with either
HFA or Sic abrasive paper in mimicking enamel for in vitro shear bond
strength testing.
ARI scores indicate that bond failure modes differ between HFA etched
Macor and enamel yet not between Sic prepared Macor and enamel.
HFA etched Macor has less adhesive failures with lower ARI scores than the
enamel and Sic groups tested.

In this study, an attempt was made to develop a standard method for the mechanical
testing of orthodontic adhesives. The proposed technique did not yield promising results
to suggest that Macor could be used as an alternate to enamel. More research is needed
to determine the ideal surface preparation technique for Macor. Perhaps the use of a
silane coupling agent in conjunction with HFA would result in increased mean bond
strength values. The goal of achieving a standardized protocol to minimize the variables
during in vitro bonding studies will aid researchers in attempts to better facilitate
comparisons between bonding agents.
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APPENDIX

Group

Sample

Enamel
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

Macor 60 Sec
1
2
3
4
5
6
7
8
9
10
11
12
13

Force (lbs)

Force (MPa)

20.0
9.78
6.36
13.O
24.0
11.75
16.0
7.83
14.5
7.10
Macor Crown Fractured
9.0
4.40
16.5
8.07
23.0
11.25
22.0
10.77
14.0
6.85
Macor 90 Sec
38.5
18.84
25.5
12.48
25.5
12.48
27.5
13.46
12.5
6.12
26.0
12.72
25.0
12.24
14.0
6.85
8.0
3.91
3 1.O
15.17
12.0
5.87
Debracketed accidentally
32.0
15.66
15.17
3 1.O
19.0
9.30
23.0
11.25
16.0
7.83
12.5
6.12
3 1.5
15.42
20.5
10.03
15.5
7.59
29.0
14.19
22.5
11.01
18.0
8.81
.

Macor 120 Sec

13.0
6.36
23 .O
11.25
23.5
11.50
11.5
5.62
27.5
13.46
12.5
6.12
26.0
12.72
Macor Crown Fractured
Macor Crown Fractured
Macor Crown Fractured
37.0
18.11
20.0
9.78
25.0
12.24
3 1.5
15.42
13.5
6.61
25.0
12.24
12.5
6.12
10.0
4.90
8.0
3.91
26.5
12.97
12.5
6.12
5.5
2.69
.

Macor SIC
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